Abstract
Introduction
Trained human inspectors usually perform food-quality inspection. This method is highly variable and decisions are not always consistent between inspectors from day to day. Because instruments reduce variations among individuals and are more precise, instrumental measurements are preferred over human inspectors. Instruments can be designed to imitate human testing methods or may be statistically related to human perceptions and judgments to predict quality categories. Researchers have been working to find techniques for evaluating the external and internal quality attributes of agricultural and food products non-destructively [1] [2] [3] [4] [5] . Size, shape, and color of food are considered as external quality attributes. Internal quality attributes are texture (firmness, hardness, crispness, tenderness, and juiciness), proximate composition, and nutritive value (carbohydrates, proteins, and vitamins) and defects like pest infestation, internal cavity, frost damage, rotten, etc. While external quality attributes are evaluated by visual judgment, internal quality attributes are difficult to access by visual appearance and there is a need for technology that can determine them. In order to perform objective and reliable food inspection methods suited for routine inspection and quality assurance tasks, the application of non-destructive optical devices is considered ideal [4, [6] [7] [8] [9] [10] [11] . Non-destructive optical techniques include computer vision systems (CVS) with online digital cameras/scanners, light and confocal laser scanning microscopes (CLS), the near-infrared (NIR) imaging systems, spectroscopy and hyperspectral imaging systems (HIS), X-ray imaging and ultrasonic devices [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . Over the past few decades, CVS, including traditional CVS, hyperspectral CVS, and multispectral CVS, has been widely used in the food industry for the automatic external quality inspection of food and agricultural products [12] [13] [14] [15] . The aim of this paper is to give a comprehensive overview on the principles and applications of computer vision method and image analysis to the assessment of visual parameters in the quality evaluation of cheese, which correlates with quality and safety characteristics. Computer vision method was used routinely in the quality assessment of several dairy products like whey, desiccated milk, yoghurt, and cheese [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] [29] [30] [31] . CVS with image analysis are being developed to assess the appearance criteria of cheese, such as color, shreddability, gas holes and mechanical openings, and oiling-off [26-27, 29-30, 32-34] . Furthermore, CVS can be applied in the quality evaluation of cheese during cooking for the determination of browning and melting properties [35] , as well as for prediction of shelf life and the determination of color changes during storage with the use of computer vision and artificial neural network (ANN) [24, 29] .
Materials and methods

Materials
In this paper, several cheese types made from cow's milk were analyzed: Mozzarella (soft cheese), Emmental (hard, cooked pressed cheese, Swiss-type cheese,), Cheddar (semihard, uncooked pressed cheese) and Tilsit (semi-hard smear-ripened cheese) and semicooked cheese with added paprika and herbs respectively.
Method
Literature referenced in this review article was obtained from bibliographic information in Google Scholar, Web of Science, ScienceDirect, Scopus, SpringerLink, wavelengths carries different levels of energy; all possible wavelengths we call the electromagnetic spectrum. The electromagnetic spectrum consists partly of a visible and nonvisible range [37] . According to the operating range of the spectrum, we distinguish different type of cameras: CCD camera (400-700 nm), near-infrared (NIR) camera (900-1700 nm), near ultraviolet (UV) camera (300-369 nm). Cameras that operate in the visible part of the spectrum are analog and digital cameras. Digital cameras can be equipped with a CCD (charged coupled device) or CMOS (Complementary metal-oxide-semiconductor) sensor arrays [44] . In an analog camera, first the images are recorded, transformed into the analog signal, and then transferred to a digital data-stream in the computer with a frame grabber. In digital cameras, a frame grabber is not needed because the analog signal is sent directly to the computer via a USB or FireWire adapter [45] . Furthermore, the employment of 3-dimensional cameras may help to improve analysis, provide more information and allow the study of complex or irregular-shaped materials with fewer errors and less time [46] . Scanners are usually used for specialized tasks and specific use (extreme resolution, large numbers of output channels or extreme wavelengths). Flatbed scanners are devices that optically scan images and convert it to a digital image. It is a promising analytical instrument suitable for measurements of the colorimetric parameters of colored objects. Flatbed scanning is fast, easy to use, cheap, robust, independent of external light conditions, and with good accuracy. The scanner head (includes mirrors, lens, filter, and CCD array) move over the sample line by line, by a belt attached to a steep motor. Qualifying specification parameters for a scanner are bit (color) depth, resolution, and dynamic range. The higher the scanner's bit-depth, the more accurately it can describe what it sees when it looks at a given pixel. Resolution relates to the fineness of detail that a scanner can achieve and is usually measured in dots per inch (dpi) [47] .
The computer hardware and software, which imitates the human brain, is another key component of the computer vision system. Hardware includes a personal computer and color monitor. The personal computer provides disk storage for images and computational capability with vendor-supplied software and specific application programs. A highresolution color monitor enables the visualization of captured images and the effects of various image analysis [17, 28, 41, 48] .
Image processing and analysis
Image processing involves a series of image operations that enhance the quality of an image in order to remove defects such as geometric distortion, improper focus, repetitive noise, non-uniform lighting and camera motion. Image analysis is the process of discriminating the objects (regions of interest) from the background and producing quantitative information, which is used in the subsequent control systems for making decisions. Image processing and analysis steps can be divided into three levels: low, intermediate, and high [28, 36] . Low-level processing includes image acquisition and preprocessing. Image acquisition encompasses images capturing, with a digital camera, and digitization with a frame grabber (if an analog camera is used). The pre-processing purpose is to improve image quality. The pre-processed image is enhanced in terms of the correction of geometric distortions, the removal of noise, grey level correction, and correction for blurring. Intermediate-level processing involves image segmentation, representation, and description. Image segmentation can be achieved by threshold, edge-based, and regionbased segmentation [28] . The main aim is to divide an image into regions that have a strong correlation with objects of interest. High-level processing involves recognition and interpretation, using statistical classifiers or multilayer neural networks of the region of interest. Neural network and fuzzy logic operations have been implemented successfully with computer vision in the food industry [49] .
The core technique in computer vision is always related to image processing and analysis. The primary types of object measurements (size, shape, color, and texture) can be acquired from any images [50] [51] . In computers, images are stored and processed in the form of matrices whose elements are pixels. Two types of information are stored in pixels; geometry information (location of pixels in the image) and surface information (intensity values associated with pixels). From the geometry information, the size and shape of the object can be obtained. Color and texture can be extracted from the object surface information.
CVS and color determination
Instrumentally, color measurement can be carried out using conventional or digital (CVS and image analysis) instruments. Instruments for the conventional color measurement are colorimeters, spectrophotometers, and spectroradiometers [52] . Commonly-used colorimeters are Minolta Chromameter, Hunter Lab colorimeter, and Dr. Lange colorimeters [53] , which measure color only over a very few square millimeters, and thus their measurements are not very representative in heterogeneous materials such as most food items [53] . Because of this, the need for developing an automatic pixel-based color measurement process, using computer vision, increased. CVS has been used to objectively measure the color of different foods, analyzing each pixel of the entire surface of the food even when it is of non-uniform shape and color [53] [54] . The CVS technique works by acquiring the image of an object, analyzing the image to extract the desired image attributes (color data) and presenting them numerically in a particular color space [55] . Colorimetry is used to explain how colors can be measured and specified in a scientific way. Color may be expressed in subjective (responses of the observer) and objective (measured by instruments) attributes. There are three psychological attributes for color description: hue, lightness, and chromaticity. Hue (h) is a color appearance parameter to which colors are described as red, green, blue, and yellow. Lightness (L*) is a parameter for color brightness by which we can distinguish light and dark color. Chromaticity (C*) or colorfulness describes the color sensation; when color is fully saturated, the color is considered in its purest version. Color measurement instruments transform or filter reflected spectra to produce reproducible color space coordinates, like L*, a*, b*, R, G, B, h, C*, V [56] [57] [58] [59] . Color can be numerically represented by numerous color spaces. Generally, there are three types of color spaces, namely hardware-orientated space, human-orientated space, and instrumental space [60] . Hardware-orientated spaces are used in hardware processing, such as capturing, storing, and displaying (e.g. RGB and CMYK spaces). These color spaces can sense even a very small variation in color and are, therefore, popular in evaluating color changes of food products during processing [61] . RGB (red, green, blue) space is the most popular hardware-orientated space [52] , in which color is defined by coordinates on three axes. Human-orientated spaces are linear with regard to the visual perception of human eyes and include HSI (hue, saturation, and intensity), HSV (hue, saturation, value) and HSL (hue, saturation, and lightness). They are not sensitive to a small amount of color variation, and not suitable for evaluating changes of product color during processing. Instrumental spaces are used for color instruments, such as the colorimeter and colorimetric spectrophotometer [62] . Instrumental spaces are CIELab, and CIELu*v*, and CIEXYZ spaces. The CIELab color space is an international standard for color measurements and the most used one due to the uniform distribution of colors that is close to the human perception of color [35, 63] .
Euclidean distance between two different colors corresponds approximately to the color difference perceived by the human eye [53] .
Applications of computer vision method for cheese-quality evaluation
With numerous types of cheese and foods containing cheese available on the market, the necessity for the evaluation of cheese-quality properties continues to grow. Consumers' first impression of the cheese quality and desirability of the food is from its appearance. As a highly-versatile dairy ingredient, cheese can be used directly (unheated cheese) or indirectly (cooked cheese). Direct use is as table, sliced or shredded cheese and indirect use is in the form of cheese ingredients in numerous food products. Generally, cheese-quality characteristics can be observed as appearance attributes of unheated cheese at surface and appearance attributes of cooked cheese at the surface. Appearance attributes of unheated cheese are surface uniformity and smoothness, dimensions of shreds, extent of sticking and balling of shreds, size and uniformity of crumbled cheese pieces, level of curd fines, sharpness and uniformity of appearance of cut edges and corners of portions, degree of bending, drying or cracking of exposed slices, and the opacity or translucence. Cheese used as an ingredient in cooking applications attains a temperature of approximately 80-100°C. Although the appearance attributes of cooked cheese include visual uniformity, gloss, opacity/translucence, color, oiling-off, flow/surface coverage, shred identity, browning, crusting or burning, a key aspect of the cooking performance of cheese is the heat-induced functionality, which is a composite of different attributes, including softening (melting), stretchability, flowability, apparent viscosity, and tendency to brown. Examples of cheesecooking applications are grilled cheese sandwiches, pizza pie, cheeseburgers, pasta dishes and sauces. Cheese-quality attributes can be grouped into microbial, chemical, physical, and functional categories. Attributes of interest for CVS are mostly physical, sensory, and cooking. According to Peri [64] , cheese quality may be defined as the degree of acceptability of the product to the end user. Quality criteria involves different types of characteristics, including: ̶ sensory (taste, aroma, texture, and appearance); ̶ physical (sliceability, crumbliness, hardness, springiness, mouth-feel); ̶ cooking (extent of flow, stringiness, browning); ̶ compositional/nutritional (contents of protein, fat, calcium, lactose, sodium); ̶ chemical (intact casein, free fatty acids, free amino acids); ̶ safety (absence of pathogens, toxic residues, foreign bodies and conformity to approved levels of substances such as biogenic amines).
Cheese color
Color is an indicator of food freshness, ripeness, desirability, and safety [58, [65] [66] . Thus, color is an important sensory attribute of dairy products. Many factors can affect the color of dairy products like the composition of milk, food additives, manufacturing technology, natural milk microflora activity, maturation techniques during manufacturing, etc. The measurement of color allows for the detection of certain anomalies or defects that food items may present [53] . Color measurements are mainly carried out in two ways: sensory visual evaluation and instrumental analysis [67] . Increased requirements for quality by consumers require the color evaluation of food products to be more rapid, objective, and quantifiable. Sensory visual evaluation is laborious, time-consuming, costly, and tedious. For these reasons, it is recommendable to determine color using color-measuring instrumentation [53] . The color of cheese ranges from white to orange. A color measurement is used routinely in quality control and product development to assess the color of curd and cheese. The natural milk microflora activity, the technological processes, and the maturation techniques can change cheese color. Color is related to the diet of a cow, with the addition of coloring and cheese variety. Recent studies also highlight the potential role of colorimetry in assessing the ripening of smear-ripened cheese [69, 68] and for measuring defects, such as browning, during cheese maturation [70] . The yellowness of cheese is affected by the presence of carotenoid in the milk, which is dependent on the composition and the type of feed. Research on cheese color as a function of ripening time by Rohm and Jaros [71] [72] reported a decrease of L* value and an increase of a* and b* values during the ripening of Emmental cheese. Ginzinger et al. [73] reported that the yellowness index, a one-dimensional measure of cheese color highly correlated with b*, increased as cheese aged. Other than traditional color preferences, such as orange Cheddar and white goat's cheese, the most important color parameter is uniformity (no uniform cheese color may signal a manufacturing defect). Buffa et al. [74] investigated the color change of cheese made from raw, pasteurized, and pressure-treated goat's milk. Color was measured using the HunterLab spectrocolorimeter in L*, a* and b* values. Color evaluation demonstrated significant differences between cheeses due to milk treatments and ripening time. The a* value did not show a definite trend throughout ripening, the L* value decreased and the b* value increased as the cheese aged. Contrary to these results, Marchesini et al. [75] reported that crude protein and fat significantly increased through the period of ripening, and led to a significant decrease of the L*, a* and b* values of Asiago cheese color. Through ripening time, there is a high rate of increase in water-soluble nitrogen in a raw milk cheese. Lower moisture and the higher water-soluble nitrogen content could cause an increase of mechanical openings in the cheese surface and the formation of a less homogeneous and less compact protein matrix, resulting in a reduction of lightness values. Food coloring is also added to make certain cheeses appear distinct. For example, the orange color of Cheddar cheese is due to the addition of annatto, a yellow/orange colorant, which is added to achieve a consistent color over seasonal changes [76] . Poltorak et al. [77] measured the color of selected cheeses available in the Polish market with different fat contents, as well as cheeses containing vegetable oil as the milk fat substitute. Color attributes L*, a*, b*, h and C* were measured using a chromameter. They observed that the cheeses with reduced milk fat content were significantly lower in C* and b* than the full-fat cheeses. Similarly, b* of cheese made with canola oil, substituting for milk fat, was significantly lower. This was attributed to the fact that the vegetable oils could not markedly affect the intensity of yellow color in cheeses.
Cheese defects
Mechanical openings (gas/eyeholes; slits)
Changes in mechanical properties during cheese ripening are major factors contributing to obtaining the desirable openings (eyeholes) instead of slit formation. The eye (gas) holes size, number, distribution, and shape contribute to the typical features of each cheese variety. When the size, number, distribution, and shape of the eyeholes is correct throughout a cheese block, eyeholes are considered as a desirable feature of the Swiss-type cheese (Emmental), Gouda, Ragusano, and Edam cheese. Eye formation due to gas production (CO 2 and N 2 ) is a major sign of the quality of some types of cheese (Swiss-type cheese). Gas holes formed in other cheeses (Tilsit and Havarti) are not called eyes but are typical of these cheeses [78] . In contrast, in other cheese varieties (Cheddar) gas production is considered as a defect [79] . Even in cheeses where eyes or holes are expected and accepted, slits or cracks are formed under certain conditions. The gas holes are normally round shaped and shiny eyes. A good close-knit texture will allow for eye formation and hole growth in Swiss cheese. The negative impact of gas production in cheese can be manifested as an undesirable and atypical appearance and texture with gas holes, and undesirable or atypical aromas and flavors. The negative impact of gas production can be caused by clostridia or excessive CO 2 production. Defective eye formation, white spots and a putrid smell in Swiss-type cheese caused by clostridia reported Le Bourhis et al. [80] . Excessive CO 2 production in Swiss-type cheese in a later stage of ripening (after warm room) with a formation of oversized eyes and cracks or splits is referred to as late or secondary fermentation [81] . Caccamo et al. [32] investigated the use of image analysis to measure the amount of the surface area of cheese slices occupied by gas holes for Emmental, Ragusano, and Cheddar cheese. Slice thickness of Ragusano and Cheddar was 1 cm, and 1 mm for Emmental cheese. The aim of image processing was to determine the intensity of the red, green, and blue (RGB) channel of each pixel. The channel that produced the best contrast between holes and areas of the cheese with no holes were applied for further analysis. For the Ragusano and Emmental cheeses, the blue channel was best, while the red channel was best for the Cheddar cheese. Threshold method was used to measure the percentage of the total area occupied by gas holes. Image analysis could be a useful tool for quantitative measurement of the normal amount of gas production, for variation in the amount of gas production across time, and abnormal shape or distribution of eyes throughout the structure of Emmental cheese. Melilli et al. [82] reported the development of early gas defects in a brine-salted pasta-filata Ragusano cheese. In brinesalted cheeses, made from raw milk, early gas formation is typically the result of poor milk quality, poor hygienic conditions during cheese making, slow acid production during cheese making, and slow uptake of salt from brine. Coliform bacteria are a major contributor to early gas production in raw milk cheeses [83] , which enter into the cheese from the raw milk and from the environment during cheese making. Because of slow salt uptake by cheese during brining, early gas formation occurs in the form of small numerous holes. Melilli et al. [82] investigated the combined impact of pre-salting the curd before stretching, brine concentration (saturated vs. 18% salt brine), and brine temperature (12, 15 , and 18°C) on coliform count and the development of early gas defects in Ragusano cheese. Results showed a reduction in coliform bacteria in pre-salted Ragusano cheese as a result of a 3-way interaction effect between salt and stretching temperature and curd pH that significantly reduced the survival of coliform in the cheese.
Some cheeses have a characteristic open texture, with many mechanical openings called slits (Samsoe, Havarti, and blue varieties) [79] . Undesired gas production can result in the appearance of slits, cracks or huffy packages, which are problems in Cheddar cheese [84] . Slits is a term to describe fissures or cracks in the body of the cheese that can be longer than 3.5 cm. The formation of slits has been attributed to a wide variety of causes and interactions (trapped air, refrigerated storage, early and late abnormal gas production). Air entrapped during the compression of curd is thought to be responsible for open texture. The isolated pockets of trapped air form numerous small irregular holes in the cheese (slits). Slit defect can appear during refrigerated storage after the eyes have fully developed and the cheese is moved from the warm room. Early abnormal gas production is typically produced by coliforms, while late gas production is typically caused by Clostridium tyrobutyricum [79, 85] . White et al. [86] and Dorge et al. [87] have explored the development of slit openings during ripening by nonstarter bacteria. Fox et al., [79] indicate that one of the least-controlled defects in round-eye cheeses is the development of slits that appear during refrigerated storage after cheese is removed from the warm room. Cheddar cheese should not have gas defects. In Cheddar cheese, slit formation is due to gas production from citrate-fermenting lactobacilli. This defect manifests itself at about 90 to 120 d of aging [79] . There is a high demand for the non-destructive monitoring of eye formation in cheese during and/or after ripening (Figure 1) . The image analysis approach was capable of distinguishing slits from areas with no slits and could provide a quantitative estimate of the percentage of area represented by slits. Caccamo et al. [32] developed an image analysis method to analyze the SEM images of cheese microstructure in routine production. Guggisberg et al. [88] used the X-ray CT measurements -as a non-destructive technique -of the cheeses during their ripening for monitoring of eye formation and growth. Schuetz et al., [89] reported computed tomography measurements as a useful and non-destructive tool to monitor the size of individual eyes in cheese and to investigate the overall mechanism of eye formation in cheese. The CT technology distinguishes materials of different density and, therefore, cheese eye volumes can be quantified without destruction of the cheese.
Figure 1. Emmental and Tilsit cheese -images prepared for image analysis of gas holes
Rind defect (formation of calcium lactate crystals and excessive rind halo)
The formation of calcium lactate crystals has been attributed to the supersaturation of the serum phase of the cheese with calcium and lactate ions, which crystallize and eventually grow into larger aggregates [25, 90] . When present on the surface of Cheddar cheese, the calcium lactate crystals form white specks or a haze on the surface of the cheese. Even if they are not harmful, they constitute a significant quality problem for producers of Cheddar, as a microbial problem [91] . Rajbhandari and Kindstedt [25] reported the use of the digital photography and image analysis to measure the area occupied by calcium lactate crystals on surfaces of naturally-smoked Cheddar cheese samples (Figure 2) . Results show that image analysis may serve as a useful tool for quantitatively evaluating the effects of factors such as cheese composition, packaging conditions, and storage temperature on rate of the crystal growth and time of crystal appearance during storage.
Ripening influences the development of sensory characteristics of cheeses due to its effect on the chemical composition. The problem of abnormal coloring in the rind (black spots, unwanted yellow and orange colorations, and tray marks) may be due to colonization by yeasts, molds or bacterial populations influenced by environmental factors, especially in the airing area and ripening chambers [92] [93] . During ripening, cheese loses moisture and the color of the paste becomes darker. Many parameters can cause a dark paste color of cheese, e.g. an excess amount of salt or an inadequate ripening, with high temperatures or excessive air velocity. The presence of an excessive rind halo, an irregular color, and a too dark or too white paste color is one of the main paste color defects. Figure 2 shows the application of image analysis of cheese defect named as excessive rind halo. Zabaleta et al. [94] investigated the sensory quality control of a semi-hard sheep's raw milk cheese variety over five consecutive years (2006-2010) and tried to describe the main sensory defects (eyes, paste color, rind, flavor, texture, and shape) that appear in semi-hard sheep raw milk cheese. One of the investigated cheese defects reported in their paper is an excessive rind halo, described as a too dark or wide paste border. Obtained results showed that mediumand long-ripened cheeses presented a higher percentage of an excess of rind halo with a darker paste color, animal flavor, and marks in the rind. 
Visual texture
Image texture analysis is a characterization of visual texture (e.g. rough or smooth), estimated from the digital analysis of an image, enabling information on surface characteristics (shape, dimensions). Image analysis has the potential for analyzing cheese surfaces for features of relevance to quality control, such as roughness, smoothness, shininess, graininess, veins, cracks and slits. Image texture analysis has acquired a wide variety of imaging techniques in the food industry, like online digital cameras or scanners, light and confocal laser scanning microscopes, hyperspectral imaging systems, X-rays, and ultrasonic devices.
Amount and distribution of added ingredients
Many cheesemakers add flavor ingredients to cheese. Instead of smoked cheese, they produce cheese with added herbs (e.g. parsley, chives, and garlic) or spices (e.g. chili, cumin, black pepper, dried fruits, lavender or truffles). Digital image analysis can be used for evaluation of the addition of some ingredients (herbs, spices, vegetables, etc.) and evaluation of the amount and distribution of added ingredients into the cheese (Figure 3 ). Pasteurized cheese with vegetable ingredients is one of the new products that may be added to sandwiches, salads, sauce, toast, and pizza. Jelinski et al. [65] used computer vision to determine the distribution and amount of ingredients (garlic, parsley, and pepper) in pasteurized cheese. For localization and extraction of the ingredients, they used a threshold algorithm. An algorithm for image pre-processing was developed in order to extract the area of the edge of the cheese and then to extract the ingredients, using, for that purpose, the quantification of color and localization of the ingredient. It was found that the distribution and amount of ingredients in the samples were determined within a high accuracy when compared with the results of a sensory method. Cheese with garlic and parsley showed 88% accuracy, and cheese with pepper and parsley showed 81% accuracy. The results found in this study were promising, and the algorithms developed may be applied in the inspection of different kinds of cheese with ingredients. Different backgrounds were tested, with the black background presenting the best results. It should be highlighted that, for the image acquisition of the analyzed cheese, a scanner was used rather than a camera, the latter being the most usually used equipment in similar studies. 
Shreddability
Good shreddability is characterized by the free flow of the shredded cheese and a low tendency of the cheese shreds to stick together to form balls or clumps. Cheese with relatively low moisture, high protein, low proteolysis, and a high calcium-to-casein ratio tend to have a better shreddability (Emmental, Gruyere, low-moisture Mozzarella, Gouda, young or medium aged Cheddar and Provolone), than cheeses that have relatively high moisture, a high degree of proteolysis, low calcium, and low protein-to-fat ratio (Tetilla and Fontina) [95] . Other factors that are conducive to the clumping of shredded cheese include longer shred length and shred diameter, and free fat content. A computer vision method was used for determining the length of Mozzarella cheese shreds [96] . An image processing algorithm was developed to analyze the image of cheese shreds without manually separating them and to quantify morphological features to characterize the lengths of individual cheese shreds. The developed method was successful in recognizing individual shreds, even when shreds were touching or overlapping [29] . Current shred evaluation methods are manual, which is an extremely time-consuming process. Ni and Gunasekaran [30] , for cheese shred length measurements, used a robust and efficient algorithm, the X-Y sweep method. Obtained results showed an accuracy of 99%, and the X-Y sweep method can work correctly with all the shred-shaped objects. The X-Y sweep measurement data can be used to compute certain quality indices to characterize the degree of free-flowing and the degree of matting of the shreds.
Cooking properties
Process cheese is made by further processing, which involves the blending and shredding of finished natural cheese. Meltability is a major functional property of cheese, especially in the applications of cheese as toppings or ingredients in prepared consumer foods. The CVS method was employed to analyze the characteristics of Cheddar and mozzarella cheeses during cooking and the results showed that the method provided an objective and easy approach for analyzing the functional properties of cheese.
Meltability (Flowability), Browning and blister formation, Oiling-off
The meltability (flowability) is the extent in dimension to which melted cheese flows and spreads upon heating, expressed as a percentage of the dimension in the unheated sample. The uniform melting quality of processed cheese is considered as a desirable property [97[ . The ability to soften on heating is had by most cheeses, e.g. Cheddar, Gouda, Emmental, Mozzarella, Raclete, and Blue cheese. Various tests have been described in the literature to measure flowability: Arnott test, Schreiber test, Price-Olson test [97] [98] [99] [100] [101] [102] . The melting quality of cheese is defined as the property of cheese shreds to fuse together upon heating. Several papers reported on the melting properties of Mozzarella cheese. The most popular empirical methods to measure or quantify Mozzarella-melting properties are the Arnott test [97] and the Schreiber test [99] [100] . In these tests, a thin disk of cheese is heated at a pressed temperature and duration (Arnott test: 100°C for 15 min; Schreiber test: 232°C for 5 min) and the change in sample height (Arnott test) or diameter (Schreiber test) is measured and used as an index of cheese melting. Melting quality was expressed as a percentage of the dimension in the unheated sample [97] [98] [99] [100] . Olson and Price modified the Arnott test to measure the melting behavior of pasteurized processed cheese. A thin disk of cheese (25 mm diameter, 40 mm height) is placed in the closed end of a glass tube (30 mm diameter, 250 mm height) placed horizontally on a baking sheet in the pre-heated oven (at 180°C) and heated for 15 minutes. At the end, the flow distance was measured with a ruler and expressed in millimeters [102] . Muthukumarappan et al. [99] investigate the effect of the different oven temperatures and different heating surfaces (glass Petri dish, aluminum plate, and stainless steel) on the area of melted cheese. The meltability of Mozzarella cheese was measured using a computer-imaging system with a CCD video camera. According to results, all the three surfaces can be used in evaluating the sample meltability at 90°C. For an index of cheese meltability, authors recommend the measurement of a sample melt spread area, rather than its change in height or diameter. Wang and Sun [26] [27] 33 ] applied a similar procedure to measure the cheese spread area upon melting. The meltability was calculated as the final area minus the original area of the cheese sample. The attractiveness of a pizza comes from its toppings. Mozzarella is used mainly as a pizza topping, based on its functional properties: meltability and stretchability (ability of heated cheeses to form strings and/or sheets when extended uniaxially). With the aim to determine pizza topping percentage and distribution Sun [28] and Du and Sun [51] developed a computer vision method. In order to determine the topping distribution, they developed a new region-based segmentation technique that can effectively group pixels of the same topping together. The method is based on dividing a pizza image into several equal-area partitions and was developed for measuring topping distribution evenness. Results showed that the new algorithm could reach an average accuracy of 90% and is capable of processing different types of pizzas. Wang and Sun [33] used CVS to measure the melting properties of Cheddar cheese. Melting property was expressed as the area expansion of the Cheddar cheese slices after cooking. Wang and Sun [26] reported that the melting characteristics of Cheddar and Mozzarella cheese were determined with a computer vision system and compared with those obtained from the Arnott and Schreiber tests. The meltability of Cheddar and Mozzarella cheese, determined with the CVS method, correlated well with the results obtained from the Arnott and Schreiber tests (Figure 4 and Figure 5 ). They concluded that the CVS method offers a promising new approach in cheese meltability determination. Wang and Sun [26] , in their study, reported that the dimensions of cheese slices play an important role in measuring the melting property of cheese, irrespective of cheese variety. This implies the need for standardizing sample dimensions in the measurement of melting characteristics. Employing CVS as an instrument provides a solution for determining the meltability of cheese accurately and reliably. The method is capable of handling specimens in a wide range of sizes, thus, it is more flexible. Everard et al. [103] use a computer vision method to measure the effects of inorganic salt content, moisture/fat ratios and aging on Cheddar cheese meltability.
Mozzarela Shreds Melted Mozzarella
Tresholded Image Browning and blister formation CVS and digital imaging technology have been applied to quantify the pizza-baking properties and performance of different cheeses (Mozzarella, Cheddar, Colby, Edam, Emmental, Gruyere, and Provolone [104] , including the browning and blistering [105] . Light-brownish discoloration is observed on the cheese surface after cooking cheese and cheese-containing foods. Browning property is the overall color evaluation of the cheese after pizza baking. Mild browning is acceptable and even desirable, while excessive browning is undesirable [106] . CVS technology has been used successfully to assess the browning of cheese during heating. Compared with conventional methods using colorimeters, the computer vision method is efficient and provides more information on the color change of cheese by making continuous measurements possible. It also has the advantage of handling surfaces with uneven color distributions, such as cooked Mozzarella cheese. Wang and Sun [34] investigated the browning properties of Cheddar and Mozzarella cheeses. Browning results from Maillards reactions of sugars with amino acids at high temperature. This can come from residual lactose or galactose after cheesemaking, or when ingredients such as skim milk powder are added to the hot cheese as part of the cooking/stretching process. Browning can be controlled by varying the content of galactose and amino acid [34, 105] . Browning can be considered as a defect in processed cheese, or as desirable property when it is used as cheese toppings. The preferred appearance for Mozzarella cheese baked on a pizza is the formation of evenly spread brown blisters over the white/yellow surface of the cheese, rather than a general browning. Blister formation can be evaluated by measuring the size and the shape of cheese blisters on pizza, and browning can be quantified using computer visioning [33] [34] 104, 107] . The blistering and browning of cheese during baking results in a nonhomogeneous color distribution on pizzas. The blister color of pizza cheese can be assessed directly on baked pizza or indirectly by heating the cheese in a boiling water bath [105] . Blister formation occurs during pizza baking. Blisters are trapped pockets of heated air and steam that may be preferentially burned during baking, and blistering has been suggested to be affected by cheese-melt properties. During the heat treatment of a pizza surface, evaporating water and air are trapped between cheese shreds, and collected in bubbles under the melting cheese surface. Steam and air expand. A thin layer of cheese is lifted off the rest of the pizza, initiating the blister formation. The top of the blister becomes thinner during cheese rising. Liquid fat at the surface flows down the sides of the forming blister, moisture is lost from cheese at the top surface of the blister, and the top of the blister turns brown. At other locations on the surface of the pizza, the cheese retains its white color because the free oil present there prevents excessive moisture loss from the surface. Mozzarella is the most prone to blister formation, especially when baked on a pizza [104, [107] [108] . Large blisters are usually less circular than smaller blisters, and cheeses with lower elasticity or stretching resistance can form larger blisters [108] . Cheeses with higher salt content have smaller blisters and this was thought to relate to the softening temperature increasing at higher salt levels.
Oiling-off
Oiling-off is the tendency of heated cheese to exclude oil. This ability is typical for most rennet curd varieties. The conventional method for oiling-off the properties of cheese determination is with a fat-ring test using filter paper [109] , or a quantitative test using centrifuges [110] . A fat-ring test considers placing a cheese disc of specified dimensions on a circular filter paper, heating under defined conditions of time and temperature and cooling. Computer vision method was developed as an effective and efficient method for determining the oiling-off property of cheese ( Figure 6 ). The oiling-off (free oil formation or fat leakage) property of cheese is the separation of liquid fat from the melted cheese body into oil pockets, particularly at the cheese surface. Oiling-off property can be considered as a desirable quality when is used as cheese toppings (provides the pizza with a shining appearance) or as an unacceptable defect in processed cheese [110] [111] . The moderate release of free oil from cheese during heating is desirable in most cooking applications. Wang and Sun [112] [113] studied the oiling-off property of cheese with computer vision. Free oil released on heating was absorbed by the filter paper forming a ring, the diameter of which was indicative of the extent of oiling-off. Wang and Sun [112] investigated the impact of the dimensions (area and thickness) of cheese samples on the oiling-off property of Mozzarella and Cheddar cheese, and a wide range of image features extracted from images of cheese (before and after cooking). Extracted image features were luminance, histogram-related and percentage oil area features. The results showed a temperature-dependent relationship between image parameters and fat leakage. The change of percentage oil area upon cooking was in good accordance with the oiling-off property of cheese as observed, presenting a proper description of the oiling-off property of both Cheddar and Mozzarella cheeses. Along with its significant correlation with fat leakage, the percentage oil area was considered as a suitable oiling-off index. Correlation between CVS and traditionally fat-ring tests for evaluation of the oiling-off property of cheese (Cheddar and Mozzarella) was significant, as reported by Wang and Sun [112] . The results showed that it is possible to determine the oiling-off property of cheese with computer-vision image features. For determination of the oiling-off property of cheese, image features were extracted from segmented images. All cheese discs were melted into an uneven area and produced an oil ring around them. The oil area was segmented by a threshold method and their total area was measured with the computer-vision system. Extracted image attributes from images of cheese before and after cooking were luminance features, histogram-related features, and percentage oil area. The histograms of cheese discs were extracted in order to compare the gray-level distribution of cheese pixels before and after cooking. Luminance features were extracted from segmented cheese images on the gray values base. The results showed a good and temperaturedependent correlation between luminance features, percentage oil area, and fat leaking. Therefore, the number and intensity of gray-level pixels are the most promising image feature for the evaluation of the oiling-off properties of cheese, indicating excellent oilingoff representation by careful thresholding and appropriate parameter definition.
Advanced use of computer vision in cheese-quality evaluation
Curd moisture content in cheese is determined by syneresis of curd. In the cheese industry, syneresis is empirically controlled, and there are no technologies available for the online monitoring of curd syneresis to assist the cheesemaker [114] . Continuous measurement of curd moisture during syneresis is challenging, which limits the precision and accuracy of all reported methods [115] [116] [117] . Increasing temperature (cooking) of the curd/whey mixture enhances syneresis, which is reflected in a lower moisture content of cheese after pressing. The control of syneresis is important because curd moisture content has an impact on cheese ripening. Computer vision and colorimetric techniques were investigated as a potential means of monitoring the gravimetric measurements of curd and whey during the syneresis phase of cheese manufacture in a stirred-curd context. Computer vision techniques distinguished the effects of pH and stirring speeds, and it was shown that, with the inclusion of known factors and calibration to a range of operating conditions, there is the potential for predicting a syneresis endpoint. It was found that the accuracy of a computer-vision system for monitoring syneresis improves with size of field of view [22, 103, 114, [118] [119] . Syneresis was studied using images captured of the surface of the curd/whey mixture, using five image texture analysis techniques by Fagan et al. [120] . A wide variety of approaches is emerging for image texture analysis, as illustrated by the fact that five different techniques were compared in that study. Mateo et al. [119] reported the comparison of two online optical sensing systems for monitoring syneresis during cheese manufacture, with a digital camera and online visible-near infrared (NIR) sensor. Digital cameras capture spatial information and store images of the curd/whey mixture. The shrinkage of curd pieces is measured using image analysis. An online visible-near infrared (NIR) sensor was used for predicting syneresis indices and it was concluded that this technique was adequately robust to be implemented in the cheese industry to facilitate information about critical steps of production. An online visible-near infrared spectroscopy has potential as a useful process analytical tool for better online process control and to provide benefits to the cheese industry. The hyperspectral imaging (HSI) combines conventional spectroscopy and imaging techniques to acquire both spectral and spatial information from an object simultaneously. A typical HSI system consists of a highperformance camera with a large dynamic range, low noise level, good quantum efficiency, an imaging spectrograph, and a stable light source [121] . The result of the measurements with HSI is a three-dimensional data structure or a hyperspectral data cube ('hypercube') in which each pixel of a hyperspectral image can be interpreted as a spectrum [122] [123] [124] . Gowen et al. [125] reported on the potential applications of HSI for quality control in dairy foods. HIS technique could be able to detect the presence of starch, incorporated as an adulterant, in fresh cheese [14] , quantization of sugar, citric acid, and salicylic acid in different types of cheese, for classification of cheese according to protein, fat, and carbohydrate content [126] [127] and detecting water in cheese in an individual sample. The detection of contamination on cheese, in this example a slice of cheese with plastic contamination, was imaged using the NIR HSI system. Gunasekaran and Ding [128] reported the three-dimensional analysis (3-D) of microstructure characteristics of fat globules in Cheddar cheese using confocal laser scanning microscopy (CLSM) and image analysis. 3-D information is important to evaluate accurately microstructural characteristics of cheddar cheese. CLSM as an alternative way to observe food structure with high resolution, without disturbing the internal structure. Image analyses were used to evaluate the number, size and shape characteristics of fat globules in the samples as the process parameters and fat levels may be changed to achieve the required textural qualities. This method enables the in situ 3-D evaluation of fat globule characteristics. Recently, image analysis has been applied for analysis of the SEM images of cheese microstructure [129] .
Conclusion
CVS is primarily a substitute for human vision. Digital image analysis represents an efficient and non-invasive inspection technique able to investigate the food optical properties and, when combined to suitable classification models, to give information concerning their composition and structure. This technique has been successfully applied to the study of the optical properties of various dairy products.
